Objective-To investigate the alterations in autonomic control of heart rate at high altitude and to test the hypothesis that hypoxaemic stress during exposure to high altitude induces non-linear, periodic heart rate oscillations, simnilar to those seen in heart failure and the sleep apnoea syndrome. Subjects-l1 healthy subjects aged 24-64. Main outcome measures-24 hour ambulatory electrocardiogram records obtained at baseline (1524 m) and at 4700 m. Simultaneous heart rate and respiratory dynamics during 2-5 hours of sleep by fast Fourier transform analysis of beat to beat heart rate and of an electrocardiographically derived respiration signal. Results-All subjects had resting hypoxaemia at high altitude, with an average oxyhaemoglobin saturation of 81% (5%). There was no significant change in mean heart rate, but low frequency (0-01-0.05 Hz) spectral power was increased (P < 0*01) at high altitude. Time series analysis showed a complex range of non-linear sinus rhythm dynamics. Striking low frequency (0-04-0.06 Hz) heart rate oscillations were observed during sleep in eight subjects at high altitude. Analysis of the electrocardiographically derived respiration signal indicated that these heart rate oscillations correlated with low frequency respiratory oscillations. Conclusions-These data suggest (a) that increased low frequency power during high altitude exposure is not simply attributable to increased sympathetic modulation of heart rate, but relates to distinctive cardiopulmonary oscillations at -0 05 Hz and (b) that the emergence of periodic heart rate oscillations at high altitude is consistent with an unstable cardiopulmonary control system that may develop on acute exposure to hypoxaemic stress. (Br HeartJ_ 1995;74:390-396) Keywords: heart rate; respiratory rhythm; high altitude Perturbation of the non-linear physiological mechanisms regulating cardiopulmonary function may result in the emergence of highly periodic behaviour in heart rate and ventilatory dynamics. 13 Perhaps the best described examples of such pathological oscillations are Cheyne-Stokes breathing in heart failure and the obstructive sleep apnoea syndrome. Each of these conditions is associated not only with periodic ventilatory dynamics but also with cyclic alterations in heart rate.46 We hypothesised that hypoxaemic stress during exposure to high altitude would also induce non-linear, periodic heart rate dynamics.
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Subjects and methods
We studied 11 healthy subjects (nine men and two women) aged 24 to 64 years. All were physically well trained in long distance running, but they were not accustomed to mountain climbing. Two lived at sea level and nine lived at 1524 m. Twenty four hour ambulatory electrocardiograms were recorded with CardioData Dura-Lite cassette recorders (Model 2011) at low (1524 m) and high (4000-4700 m) altitude.
The lower altitude ambulatory electrocardiographic recordings were conducted during a usual work day and overnight sleep at 1524 m. The high altitude recordings were performed during an expedition in the Himalayas at 4700 m. Electrodes from the ambulatory monitors were attached to each subject during the first day at Mount Khachenjunga base camp (4700 m) after a three day trek ascending 3400 m. The electrocardiographic recording was obtained over 24 hours and was divided into three time and activity segments (a) eight hours of quiet activity from 1400 to 2200, (b) eight hours of sleep from 2200 to 0600, and (c) eight hours of extreme exertion from 0600 to 1400. All subjects had resting oxyhaemoglobin saturation measurements obtained during the first day at base camp (4700 m only), using a Finapres oxygen saturation monitor (model 2300, Ohmeda, Louisville, Colorado, USA).
Tape recorded electrocardiographic signals were digitised at 128 Hz using a Marquette Series 8000 Holter analysis system (Marquette Electronics, Milwaukee, Wisconsin, USA). The digitised data were then annotated according to an automated arrhythmia detection algorithm, and the beat annotations were verified by visual inspection. Cardiac rhythm analysis has been described previously in these subjects, who showed only infrequent ectopic activity.7
Spectral analysis of sinus rhythm heart rate was performed for sequential 15 minute sections of each 24 hour period according to the standard fast Fourier transform technique.8
Total heart rate power, a measure of overall heart rate variability, was computed for the 390 Heart rate and respiratory rhythm dynamics on ascent to high altitude Mean (SD) oxygenation and heart rate measurements at low and high altitude 0-0 50 Hz band. Relatively low frequency heart rate power was computed for the 0 01-0 15 Hz band and high frequency heart rate power for the 0O15-0 50 Hz band. The heart rate time series and spectral plots were carefully examined by the investigators for evidence of non-linear dynamics, including oscillatory bursts and sudden changes in the frequency of oscillations (bifurcations)." Episodes of low frequency heart rate oscillations (0-04-0-06 Hz) lasting 15 minutes or longer were identified by two observers, who independently examined each subject's 24 hour heart rate time series from low and high altitude.
To determine the relation between heart rate and respiratory oscillations, we derived a respiratory signal from the body surface electrocardiographic recording by measuring fluctuations in the mean cardiac electrical axis that accompany respiration.9 This technique is based on the observation that the body surface electrocardiogram is influenced by electrode motion relative to the heart and by changes in thoracic electrical impedance as the lungs fill and empty. By interpolating between axis measurements for each normal QRS interval a continuous electrocardiographically derived respiration signal is obtained. The relation between this signal and respiration has been confirmed by comparing the changes in axis direction with simultaneous measurements of chest circumference taken with a mercury strain gauge or pneumatic respiration transducer.9 In a small sample of patients with and without sleep apnoea on polysomnography the electrocardiographically derived respiration technique had a sensitivity of 75% for detecting apnoeic episodes, and gave no false positive results among 10 normal subjects without sleep apnoea.10 This method has also been used to examine the effect of respiratory rate and amplitude on heart rate variability in patients with congestive heart failure.5 Although noisy signals may limit the sensitivity of this method, the electrocardiographically derived respiration technique was particularly well suited for the measurement of respiratory rate in the field when lightweight portable monitors for both heart rate and respiration were not available. Since we did not aim to measure precisely ventilatory dynamics at high altitude, the electrocardiographically derived respiration signal provided a practical means to determine whether low frequency heart rate oscillations were associated with respiration.
Each 24 hour electrocardiographically derived respiration signal was scanned visually for evidence of abnormal breathing periodicities (see examples in figures 1 and 2). A fast Fourier transform analysis was also computed for continuous segments of the electrocardiographically derived respiration signal to compare the frequencies of respiratory and heart rate oscillations.
Changes in total, high, and low frequency heart rate power from low to high altitude were analysed by means of paired t tests. Heart rate power is expressed in arbitrary units. All data are presented as means (SD). Statistical significance is defined as P < 0-05.
Results
All subjects had evidence of hypoxaemia while resting at high altitude, with an average oxyhaemoglobin saturation of 81% (5%) (table). None of the subjects had any signs or symptoms of high altitude pulmonary oedema.
Heart rate time series showed many different types of complicated oscillatory dynamics at various times of day. Examples of these dynamics are shown in figure 1 and include bursting activity, abrupt changes in frequency, spike-like oscillations, flutter-like (saw tooth) oscillations, and more complex oscillatory patterns. As these could represent non-stationarities resulting from different activities, environmental conditions, or measurement artifacts, we limited the analysis to comparable 2-5 hour periods of sleep at low and high altitude while all subjects were under similar steady state conditions. During these periods of sleep at high altitude there were striking low frequency heart rate oscillations (0 04 to 0-06 Hz) with relatively abrupt onset and cessation in eight of the 11 subjects (figures 1 and 2). The peak to trough amplitude of these oscillations ranged from 12-40 beats/minute. Similar low frequency heart rate oscillations occurred at lower altitude in only two subjects (aged 61 and 44) during sleep. The presence or absence of low frequency oscillations was not related to the age, sex, or other identifiable characteristics of the subjects. There was no significant change in mean heart rate with altitude, but there was a significant increase in low and total heart rate spectral power during sleep at high altitude (P < 0-01 , table) .
Analysis of the electrocardiographically derived respiration signal indicated that in seven out of eight subjects with low frequency heart rate oscillations, these oscillations were associated with alternating periods of apnoea and hyperpnoea at the same frequency (figures 2 and 3). Evidence of this breathing pattern from the electrocardiographically derived respiration signal was not noted in the absence of low frequency heart rate oscillations. Cross spectrum and coherence plots derived from the power spectral' (figure 4) confirmed that the heart rate and electrocardiographically derived respiration signals oscillate at the same dominant frequency (0-04-006 Hz) and have a constant phase relation. Figure 3 shows details of the relation between heart rate and respiratory oscillations in one subject. The oscillations were characterised by periods of hyperpnoea alternating with apnoea at a cycle length of approximately Figure 1 Complicated heart rate dynamics at high altitude in six subjects, with the time of day in parentheses. These are examples of the types of behavioural patterns consistent with perturbations of a highly non-linear control system. The classification of these sinus rhythm patterns is descriptive and intended to convey the wide variety of interbeat interval dynamics 20 s. There was a consistent phase lag between the respiratory and heart rate cycles, such that periods of hyperpnoea preceded the maximum heart rate. Furthermore, the heart rate oscillations were not purely sinusoidal but had a more complex form.
Discussion
Although several previous studies have examined alterations in ventilatory dynamics at high altitude,'2-"5 little attention has been paid to alterations in heart rate dynamics under these hypoxic conditions. A few previous investigators have commented on cyclical variations in heart rate during sleep at actual13 and simulated'6 17 high altitude. However, to our knowledge, the spectral characteristics of this heart rate variability and the possibility of more Time (minutes) Figure 2 Representative sinus rhythm heart rate-time series (left hand column) and electrocardiographically derived respiratory signals in arbitrary units (EDR; right hand column) both with power spectra shown as inserts in a subject at high altitude, in a patient with obstructive sleep apnoea, and in a patient with congestive heart failure and Cheyne-Stokes breathing. The electrocardiographically derived respiratory signal is low pass filtered using a sliding window average of 10 data points. Note the different cardiopulmonary frequencies in the three clinical conditions. In each condition, however, the heart rate and electrocardiographically derived respiratory power spectra show a spike at the same frequency. Time (minutes) Figure 3 Heart rate over three minutes with the simultaneous electrocardiographically derived respiration signals. Note the complex pattern of sinus rhythm heart rate fluctuations and the alternating periods of hyperpnoea and apnoea in the respiration signal. Periods of hyperpnoea occurjust before the peak heart rate. minute (0 05 Hz), associated with alternating periods of hyperpnoea and apnoea (figure 3). Although normal breathing is by nature periodic, the lower frequency cycles represent an abnormal respiratory pattern conventionally referred to as periodic breathing. During periods of hyperpnoea, breath by breath respiratory cycles at 0-1-0-2 Hz are also present (see electrocardiographically derived respiration spectra in figures 2 (top) and 4). The interaction of multiple respiratory cycles at different frequencies is in part responsible for the complex structure of the electrocardiographically derived respiration signal and heart rate time series.
Our finding of increased low frequency heart rate power during the first day of ascent to high altitude is consistent with the observations of Hughson et al in three men during days 4-5 of acclimatisation at 4300 m.'8 These investigators found that an increased ratio of low to high frequency power at high altitude was prevented by propranolol, suggesting that it was related to heightened activity of the sympathetic nervous system. Furthermore, the ratio of low to high frequency power decreased by [11] [12] days of acclimatisation, possibly because of, receptor desensitisation. Unfortunately, they were unable to evaluate the effects of respiration on their findings.
Hughson et al also reported that the ratio of high frequency to total heart rate power (used as an index of parasympathetic nervous system activity) was reduced during days 4-5 and restored to its sea level value by 11-12 days in three subjects at altitude. 18 We did not observe a significant change in the absolute value of high frequency power. If reported as a ratio of high frequency to total heart rate power, our data would also show a decline during early altitude exposure because of an increase in total power. However, our finding that the increase in total power was due primarily to low frequency respiratory oscillations seriously challenges the use of this ratio as a measure of parasympathetic nervous system activity under high altitude conditions. Our observation of low frequency heart rate and ventilatory oscillations with a cycle time of 20 s (0 05 Hz) at 4700 m agrees remarkably well with findings of other investigators who studied breathing patterns at high altitude. Using a mathematical model of the respiratory control system, Khoo et al predicted the onset of abnormal breathing periodicities with a mean cycle time of about 20 s at an altitude of 14 The phase relation between hyperpnoea and the peak heart rate response illustrated in figure 3 is also similar to that reported by West et al. '3 Abnormal cyclical breathing patterns are also associated with concordant heart rate oscillations in congestive heart failure with Cheyne-Stokes respiration,45 and in the sleep apnoea syndrome.6 As illustrated in figure 2 Our study has several limitations. Unfortunately, we were unable to study heart rate dynamics after acclimatisation at high altitude. Furthermore, the electrocardiographically derived respiration signal did not permit the measurement of respiratory amplitude and the calculation of transfer functions between respiration and heart rate. The identification of periodic breathing in seven out of eight subjects with low frequency heart rate oscillations may reflect the limited sensitivity of this technique.
Because of the abrupt onset and end of the oscillatory events and the non-stationarity of the data, methods derived from non-linear dynamics-for example, Lyapunov exponent calculation and 1/f modelling-were not applicable. Future studies of the complex dynamics of heart rate oscillations are needed to elucidate more fully the non-linear mechanisms of cardiopulmonary control, as well as to provide new tools to diagnose pathological breathing states.
